R ecent research into microglia provides unprecedented insight into their roles in health, aging, and neurodegenerative diseases. These advances started 100 years ago in 1918, when Pio del Rio Hortega published a method for staining microglia and distinguishing them from neighboring cells of the CNS 1 . Hortega named microglia the 'third element' of the CNS, describing their phagocytic function, plasticity, regional distribution, and heterogeneity. For a century, microgliologists have been validating Hortega's observations. Development of methods to isolate and culture neonatal microglia 2 ascertained their functions, including phagocytosis and response to amyloid-β (Aβ ), and supported their roles in neurodegeneration. Generation of mice with GFP-labeled microglia 3 allowed in vivo visualization by two-photon microscopy and showed that microglia continually survey and sense their microenvironment, respond rapidly to focal injury 4 , are involved in synaptic pruning and remodeling 5 , and contribute to various neurodegenerative diseases. Novel methods to isolate adult microglia 6 allowed transcriptomic analyses by RNA sequencing, thus identifying expression signatures that help define these cells 7 . Recently, single-cell RNA-seq has provided insight into potential microglial subpopulations in neurodegenerative diseases 8 .
In this Review, we summarize the current knowledge of the roles of microglia in neurodegeneration. To better understand such roles, we introduce a revised functional and transcriptomic definition of microglia, discuss their roles in individual neurodegenerative diseases, and review common pathways involved in neurodegeneration.
A functional and molecular definition of microglia
Microglia constitute 5-12% of CNS cells, depending on the region 9 . They are the principal resident immune cells of the brain and are involved in homeostasis and in host defense against pathogens and CNS disorders 10, 11 . Ontological studies of microglia confirmed Hortega's suspicion that they are mesenchymal, myeloid 12 , originating in the yolk sac, and capable of self-renewal independent of hematopoietic stem cells 13 . Microglial survival and maintenance depend on cytokines, including CSF1 and interleukin (IL)-34 14 , and on transcription factors such as IRF8 12 . Reprograming stem cells or monocytes to develop into microglia-like cells is possible [15] [16] [17] and is dependent on their environment 18 .
Until recently, a simplistic definition of microglia describes them as innate immune cells of the CNS of myeloid origin that express Cx3cr1, CD11b, Iba1, and F4/80 11 . Based on comprehensive gene expression profiling and functional studies 7, 11 , we propose a functional and molecular definition of microglia that correlates their gene expression with their functions. RNA-seq analysis identified a new set of microglia-specific markers in the healthy brain that include HexB, P2ry12, S100A8, S100A9, Tmem119, Gpr34, SiglecH, TREM2, and Olfml3 7 . Microglial transcriptomes allow them to perform three essential functions: (i) sense their environment, (ii) conduct physiological housekeeping, and (iii) protect against modified-self and non-self injurious agents. These normal functions are important in various stages of development from embryonic stages to adulthood and aging.
Alzheimer's disease
Alzheimer's disease (AD) is characterized by formation of Aβcontaining plaques, neurofibrillary tangles comprising intracellular hyperphosphorylated tau protein, and neuronal loss 29 . An accepted sequence of events is that accumulation of Aβ leads to a microglial response, which promotes tau hyperphosphorylation and formation of neurofibrillary tangles, leading to neurodegeneration and cognitive impairment. In AD patients and animal models, microglia accumulate around senile plaques (Fig. 2c) , where their density is two-to fivefold higher than in normal parenchyma 30 . They contain intracellular Aβ , suggesting phagocytosis 31 , show proinflammatory morphological changes such as somatic swelling and process shortening (Fig. 2c) , and have increased proinflammatory markers including major histocompatibility complex II, CD36, IL-1, IL-6, and TNF 32, 33 . So how do microglia contribute to AD pathogenesis?
Genome-wide association studies. Evidence for a direct microglial role in AD came from genome-wide association studies. Mutations in triggering receptor expressed on myeloid cells 2 (Trem2) were associated with a 3.0-to 4.5-fold increased AD risk, almost as high as that associated with ApoE ε 4 34, 35 . Mutations in other microglial genes, such as CR1, HLA-DRB1, CD33, MS4A6A, and BIN1, were associated with more modest AD risks 34 . Since these genes regulate key microglial functions, understanding how they affect AD will impact all AD patients whether they have these mutations or not. 
Fig. 1 | Microglia in a normal mouse brain. a-c, Mouse microglia, stained here with anti-CD11b, have distinct processes that are constantly moving in the area around the cell body, and form a network of cells that spans most of the CNS, including the (a) cortex (b) hippocampus, and (c) cerebellum. d, Threedimensional image of a mouse microglia with summary of gene ontology analysis of the sensome genes. e, Heatmap showing comparative expression of microglial sensome genes identified by RNA-seq data using the Allen Brain Atlas in situ hybridization dataset. Most of the genes are similarly expressed in most areas of the brain, except for two small clusters that appear to have differential expression in the brain stem. ECM, extracellular matrix.
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Aβ clearance. Aβ deposition is regulated by equilibrium between Aβ production and clearance. Small changes in this equilibrium result in abnormal accumulation. Aβ clearance involves, in part 36 , phagocytosis and endocytosis via microglial scavenger receptors (SRs) 37, 38 and extracellular degradation by Aβ -degrading enzymes 6, 36 . Decreased clearance contributes to Aβ accumulation in late-onset AD. In support of this concept, microglia from a mouse model of Aβ deposition (Aβ -mice) have reduced expression of Aβ -phagocytic receptors and Aβ -degrading enzymes, but their ability to produce proinflammatory cytokines was maintained 6 . These results suggest that Aβ accumulation is in part due to failure of microglia to clear this toxic peptide.
Aβ-induced inflammation. Microglia-Aβ interactions lead to early synapse loss 39 , production of neurotoxic reactive oxygen and nitrogen species (ROS and RNS), NLRP3 inflammasome activation, and production of proinflammatory cytokines and TNF 27, [40] [41] [42] . This requires Aβ interaction with microglial pattern recognition receptors (PRRs) including TLRs, SRs, and complement receptor 3 (CR3) 7, 43 .
Microglia in AD, a double-edged sword. Based on these findings, microglial-Aβ interaction is a double-edged sword. While monitoring the brain environment, microglial sensing of Aβ peptides results in Aβ clearance and removal of the injurious agent ( Fig. 3 ). However, persistent production of Aβ and its chronic interaction with microglia drive further amyloid deposition. Indeed, Aβ -induced proinflammatory cytokines reduce microglial Aβ clearance ability, and NLRP3 activation releases microglial apoptosis-associated speck-like protein containing a CARD (ASC) which binds Aβ , causing its aggregation and leading to further amyloid 'seeding' and spreading of amyloid pathology 42 . Similarly, Aβ -induced cytokines promote tau hyperphosphorylation and pathology, thus initiating a self-perpetuating loop that culminates in worsening disease 44, 45 . The double-edged sword metaphor refers to various stages of a single microglia in AD. At a certain timepoint during disease progression, microglia assume a useful role, then progress into a dysfunctional cell which ultimately becomes deleterious. In support of this concept, recent transcriptomic studies of microglia in normal and Aβ -mice identified subpopulations defined as disease-associated microglia (DAM) 8, 24 . DAMs are located around Aβ plaques and have dysregulated expression of sensing, housekeeping, and hostdefense genes. It is not clear how DAMs differ from 'dark microglia' associated with Aβ deposits, which exhibit condensed cytoplasms and nucleoplasms and express high levels of CD11b and Trem2 46 . These findings support a direct link between aberrant microglial functions and AD and suggest that a subset of microglia transition from a homeostatic to DAMs in AD.
tauopathies
Tauopathies are neurodegenerative diseases characterized by hyperphosphorylated and aggregated tau and neurofibrillary tangles. Tauopathies include AD, progressive supranuclear palsy, corticobasal degeneration, frontotemporal dementia (FTD), and chronic traumatic encephalopathy (CTE) associated with repetitive concussive head injuries. Most tauopathies have neuronal and glial accumulations of toxic insoluble tau, neuronal loss, and proinflammatory microglia 47 . (brown) in a normal brain are highly ramified and evenly spaced throughout the brain parenchyma. In their nurturer role they maintain milieu homeostasis, participate in synaptic remodeling and migration, and remove apoptotic neurons, all mediated by specific receptors and receptor-linked pathways. b, Sentinel state: micrograph taken from a video using two-photon microscopy from a Cx3cr1-GFP mouse with a cranial window shows a cluster of green microglia with abundant processes. The video from which this micrograph was taken (Supplementary Video 1) shows that microglia (green) processes are in constant motion, surveilling their surroundings. Focal laser-induced injury initiates microglia response, with those microglia closest to the site of injury displaying polarization of surveilling processes toward the area of injury. Microglia sensing is mediated by proteins encoded by sensome genes, which are portals for microglia to perform their housekeeping and host-defense functions. c, Warrior state: microglia (left) stained for Cd11b (brown) accumulate around Aβ deposits stained with thioflavin-S (green), where they are observed to be two-to fivefold denser than in neighboring areas. The warrior morphology becomes stockier and less ramified, and defense against infectious pathogens and injurious-self proteins including Aβ is mediated through microglial Fc receptors, TLRs, viral receptors, and antimicrobial peptides. Sensing is a prerequisite for microglia to perform their housekeeping and host-defense functions. 48, 49 . In contrast, when activated, proinflammatory microglia increase tau phosphorylation 50 and drive the spread of tau pathology 48 . This is supported by human studies showing elevated levels of microvesicle-associated tau in the cerebrospinal fluid and blood of AD patients and by brain imaging studies showing proinflammatory microglia in FTD, progressive supranuclear palsy, and CTE [51] [52] [53] . Proinflammatory microglia precede visible tau pathology in transgenic mice, and their activation is attenuated by the immunosuppressant drug FK506, which attenuates tau pathology and extends lifespan in these mice, suggesting that microglia can mediate tau neurotoxicity 54 .
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The double-edged sword concept of microglia's role in AD also applies to tauopathies ( Fig. 3 ). Microglia first sense and clear tau in an attempt to protect from tau toxicity, but dysregulation of microglial sensing and housekeeping pathways, such as the Cx3cr1 and Trem2 pathways, lead to dysregulation of the host-defense pathway, resulting in a neuroinflammatory response gone awry, causing neuronal damage and loss [55] [56] [57] .
Parkinson's disease
Parkinson's disease (PD) is the second most common neurodegenerative disease, affecting 1.2% of individuals over age 65. Most cases are sporadic and 5-10% are inherited 58 . Neurodegeneration occurs in the substantia nigra, with dopaminergic denervation of the striatum and accumulation of Lewy bodies containing aggregated α -synuclein 59 . Reactive microglia expressing HLA-DR are abundant in the substantia nigra of PD patients 60 . Positron-emission tomography (PET) studies show widespread proinflammatory microglia, but this response does not correlate with clinical severity, suggesting it occurs early in the disease 61 .
The mechanism(s) by which microglia participate in PD may be similar to those in AD ( Fig. 3) . Microglia internalize and degrade α -synuclein, possibly to clear it. A defect in this process leads to accumulation of extracellular α -synuclein similar to Aβ 62 . Microglia accumulate near α -synuclein deposits and become proinflammatory in a manner dependent on receptors that also bind Aβ , such as CD36 and TLR2 [63] [64] [65] . These findings, which need to be validated in animal models of PD, suggest that AD and PD have similar pathogenic pathways, raising the possibility that microglia may also be a double-edged sword in PD.
Multiple sclerosis
Multiple sclerosis (MS) patients have demyelinated plaques in the white and gray matter. Ongoing disease leads to progressive neurodegeneration, resulting in brain atrophy. Neuroinflammation is present in all stages of MS, and a proposed classification of MS lesions relies in part on the presence or absence of microglia in the lesions 66 .
Microglia in MS may be detrimental or beneficial. In experimental autoimmune encephalomyelitis (EAE), a mouse model of MS, microglia release proteases, proinflammatory cytokines, ROS, and RNS, and they recruit reactive T lymphocytes, thereby causing toxicity to neurons and oligodendrocyte precursors. Targeted deletion of the transforming growth factor (TGF)-β -activated kinase 1 in microglia in EAE reduced CNS inflammation and axonal and myelin damage by cell-autonomous inhibition of the NF-κ B, JNK, and ERK1/2 pathways 11 . These results suggest that microglia promote tissue injury in EAE. However, at disease onset, microglia promote axonal regeneration, remyelination, clearance of inhibitory myelin debris, and the release of neurotrophic factors, suggesting a beneficial role 67 .
These observations are likely to be relevant to MS stages, as microglia are closely associated with lesions with active demyelination 68 . It is possible that the detrimental and beneficial roles of microglia in MS depend on the stage of the disease or of specific lesions. What is clear is that essential microglial functions are altered in EAE and possibly in MS, including their ability to sense and clear debris and mount a neuroprotective response.
Huntington's disease
Huntington's disease (HD) is characterized by progressive atrophy of the striatum and cortex in advanced disease 69 . Microscopically, there are intranuclear inclusions containing the protein huntingtin (HTT) and neurodegeneration of medium-size spiny, enkephalincontaining inhibitory neurons 69 . HD is caused by mutations in HTT (mHTT) that lead to expansion of the trinucleotide CAG stretch, which translates into a polyglutamine stretch in the HTT protein 69 .
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Neuroinflammation Inflammasome Activation of neuronal killing pathways HTT mRNA is expressed in microglia at a relatively high level, similarly to TLR4 7 . Proinflammatory microglia are seen early in HD by PET. In presymptomatic HD gene carriers, their presence correlates with a higher probability of developing HD in 5 years 70 . In HD patients, the presence of proinflammatory microglia correlates with HD severity 71, 72 .
HD is associated with altered microglial function and mRNA profile. Expression of mHTT in microglia confers a cell-autonomous increase in proinflammatory genes 73 (Fig. 3 ). Levels and transcriptional activities of the myeloid lineage-determining factors PU.1 and CCAAT/enhancer-binding protein (C/EBP)-α ,β are increased and exhibit enhanced binding at thousands of genomic locations in HD patients and mouse models 73 . This correlates with increased expression of IL6 and TNF. These changes are unique to microglia and not observed in other myeloid cells 73 . Functionally, several of the genes that are increased in mHTT microglia are involved in sensing their milieu, such as Tlr2, Cd14, Fcgr1, Clec4d, Adora3, Tlr9, Tnfrsf1b, and others 7,73 , suggesting a possible increase in capacity to sense extracellular stimulants. This was associated with increased microglial neurotoxicity 73 . Upregulation of IL6 and TNF mRNA 73 suggest that the microglial response is an exaggerated host-defense response to rid the brain of mHTT that went awry, thereby exacerbating neurodegeneration.
Amyotrophic lateral sclerosis
Most patients with amyotrophic lateral sclerosis (ALS; also called Lou Gehrig's disease) have sporadic ALS but ~10% of patients have mutations in specific genes including SOD1, C9orf72, TDP43, and FUS 74 . The disease presents loss of motor neurons in the cortex, brainstem, and spinal cord. Microglia expressing proinflammatory markers are found near injured neurons in autopsies 75 and seen by PET in the brains of live ALS patients 76 .
Transgenic mice overexpressing mutant human SOD1 (mSOD) develop a progressive motor neuron disease similar to ALS 77 . mSOD1 expression in microglia accelerates disease onset 78 , and microglial activation exacerbates motor neuron death 79 . Microglia change their phenotype with disease progression. Some proinflammatory microglia are seen in the spinal cord before clinical disease develops, increase with disease progression, and persist into end-stage disease 80 . Microglia isolated from mSOD1 mice at disease-onset were neuroprotective, in contrast to microglia isolated at end-stage disease 81 . Neurotoxicity of mSOD1 microglia is NF-κ B-dependent 82 and partly mediated by IL-1β 83 . These findings directly implicate microglia with mSOD1 in ALS progression.
Pathways leading to microglial activation and neurotoxicity in ALS are both cell-autonomous and dependent on exogenous stimuli ( Fig. 3 ). Expression of mSOD1 in microglia disrupts regulation of NADPH oxidase, leading to excessive neurotoxic superoxide production 84 . Intraneuronal or extracellular misfolded SOD1 is sensed by microglia similarly to their sensing of Aβ or α -synuclein through TLRs and SRs, rendering them proinflammatory 85 . These findings suggest that the two major microglial functions altered in ALS include the sensing of exogenous stimuli and danger signals and the host response. They also point to shared neurodegenerative pathways between ALS, AD, and PD, as ALS microglia also change their phenotype with disease progression from neuroprotective to neurotoxic 81 .
Transgenic mice carrying the human C9orf72 gene with diseaseassociated expansion repeats display pathologic features of ALS, without behavioral abnormalities or neurodegeneration 86 . In contrast, mice deficient in C9orf72 exhibited enhanced TNF and IL-1 production when stimulated and defective maturation of phagosomes to lysosomes 87 . While these findings seem contradictory, they suggest that C9orf72 is required for normal microglial function and that altering microglial ability to clear aggregated proteins by altering phagosomes-to-lysosomes maturation, an important step in host defense, may contribute to neurodegeneration in patients carrying the C9orf72 expansion ( Fig. 3) . Future functional studies with microglia from C9orf72 patients would help clarify their complex role in this subset of ALS.
Transgenic mice expressing inducible human TDP-43 (hTDP-43) exhibit progressive motor neuron loss but only subtle microglial changes 88 . Following suppression of hTDP-43 transgene expression, microglia selectively cleared the existing neuronal hTDP-43. When microgliosis was blocked during the early recovery phase using a CSF1R and c-Kit inhibitor, these mice failed to regain full motor function, suggesting a neuroprotective role for microglia 88 . Interestingly, conditional deletion of TDP43 in microglia promotes their phagocytic functions and leads to enhanced synapse loss 89 . While additional work is required to establish a clear pathway linking TDP-43, microglia, and ALS pathogenesis, these findings suggest dysregulation of microglial phagocytic function in ALS patients with TDP-43 mutations.
We propose that several genes with ALS-associated mutations regulate microglial host defense functions, including production of ROS (mutant SOD1), cytokines (C9orf72), and phagocytosis (C9orf72 and TDP43; Fig. 3 ). These findings support a key role for microglia in ALS pathogenesis but indicate that targeting microglia for potential ALS therapy should be tailored to the specific pathway(s) affected and that a gunshot approach is not a useful therapeutic strategy.
Prion diseases
Prion diseases are genetic, sporadic, or acquired neurodegenerative disorders resulting from sustained aggregation of PrP sc , the proteinase-resistant form of the prion protein. Examples of prion diseases include Creutzfeldt-Jakob disease, scrapie, and chronic wasting disease. Prion-related neurodegeneration includes neuronal loss, increased proinflammatory microglia, and spongiform changes 90 . Microglia phagocytose PrP sc as early as 60 days postinfection 91 , and their depletion increases prion titers and susceptibility to prion infection 92 , suggesting they help control prion disease.
The double-edged sword metaphor also applies to microglia in prion diseases. Microglia produce ROS in response to the PrP fragment and enhance its neurotoxicity. Ablation of superoxideproducing enzymes protected mice from PrP toxicity, further suggesting that microglia mediate prion neurodegeneration 93 . Upregulation of proinflammatory IL-1β , IL-6, inducible nitric oxide synthase (iNOS), NF-κ B, cyclophilin A, matrix metalloproteinases, and NLRP3 inflammasome components have all been demonstrated in prion disease microglia 94, 95 . Whether this proinflammatory response affects disease progression is unclear, since deletion of NLRP3 or the inflammasome adaptor Pycard did not markedly affect the clinical course of scrapie in mice 94 .
Prion infection affects microglial sensing and housekeeping ability, in part by disrupting the Cx3cr1-fractalkine pathway 96 . PrP sc also reduces microglial phagocytosis of aberrant proteins, including PrP sc and apoptotic debris or cells, despite production of proinflammatory mediators, suggesting dysregulated host defense 97 . As in AD, PD, and ALS, the effects of PrP sc on microglia appear to be mediated by SRs and TLRs in an Src-kinase-dependent manner 98, 99 . It is plausible that microglia try initially to clear PrP sc , leading to their persistent activation and dysregulated functions in another example of a host-defense response gone awry, resulting in neurotoxicity and subsequent disease progression.
Two common themes for microglia's roles in neurodegenerative diseases emerge (Fig. 3) . First, while microglia are performing their normal sentinel function, they sense the presence of an aberrant or misfolded protein such as Aβ , aggregated α -synuclein, oxidized or mutant SOD1, or PrP sc . In response to these toxic stimuli, microglia perform their host-defense function, attempting to clear these agents via SRs and other PRRs. The nature of the aberrant proteins 
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or their persistent production disrupts microglial housekeeping functions and dysregulates microglial immune checkpoints and pathways that keep inflammation in check, such as the Cx3cr1 or progranulin pathways, leading to an exaggerated proinflammatory response, neurotoxicity, and neurodegeneration. A second theme is that in some neurodegenerative diseases, mutations in specific genes, such as Trem2, HTT, and TDP43, cause a self-autonomous dysregulation of sensing, housekeeping, or host defense, thereby initiating or exaggerating proinflammatory responses and leading to neurotoxicity and neurodegeneration.
common pathways to neurodegeneration: microglial immune checkpoints
How do microglia damage and kill neurons?. A recurring theme in neurodegenerative diseases is the damaging and killing of neurons by microglia using several direct and indirect tools ( Fig. 4) . When activated by ligands such as an infectious pathogen, Aβ , PrP Sc , aggregated α -synuclein, or mSOD1, NADPH produces superoxide, which is released and either transformed into H 2 O 2 by extracellular SOD or reacts with NO to produce peroxynitrite 100 . These cause cellular necrosis 100 or apoptosis 101 (Fig. 4) . Microglia also cause excitotoxic neuronal death either by overexpressing iNOS or directly releasing glutamate 101, 102 . Microglial proteases such as cathepsins are released in response to Aβ , leading to neuronal apoptosis 103 , and matrix metalloproteases can cause neuronal injury in hypoxiaischemia ( Fig. 4) 104 . Microglia can also damage neurons indirectly, either by releasing TNF or by reducing production of nutritive or neuroprotective brain-derived neurotrophic factor (BDNF) and insulin-like growth factor (IGF), thereby increasing neuronal apoptosis ( Fig. 4) 101 .
It is evident that the microglial host-defense function provides microglia with the tools for fratricide to become neuronal killers. This does not happen continuously because microglia have several immunological checkpoints or pathways that prevent their overreaction to external stimuli. These include the Trem2, Cx3cr1-fractalkine sensing, and housekeeping pathways, the progranulin pathways that keep their inflammatory response in check, and the SR pathways that promote clearance of injurious stimuli. Dysregulation of any of these pathways or disruption of the sentinel and housekeeping functions initiates or exacerbates neurodegeneration (Box 1).
trem2
The Trem2 gene encodes an innate immune receptor of the immunoglobulin family located on chromosome 6 in humans and chromosome 17 in mouse 105 . Trem2 is expressed on macrophages, dendritic cells, osteoclasts, and microglia and is part of the microglial sensome 7 . Trem2 ligands include ApoE, phosphatidylserine, sphingomyelin, Aβ , dead neurons, and damaged myelin [106] [107] [108] .
Trem2 forms a signaling complex with the adaptor tyrosine kinase-binding protein (TyroBP or DAP12) 105 . Ligand binding to Trem2 triggers phagocytosis and chemotaxis and negatively regulates TLR-induced inflammatory responses 105 . The extracellular domain of Trem2 can be released as a soluble protein (sTrem2) and increases with age and with MS, AD, and FTD 109 . How is Trem2 involved in specific neurodegenerative disease? AD. Genome-wide association studies identified mutations in Trem2 as major risk factors in late-onset AD 35 . Trem2 expression increases in plaque-associated microglia and infiltrating monocytes, suggesting a role in the microglial response to Aβ 105 . Trem2 deletion decreased microglial phagocytosis, proliferation, and survival, and increased proinflammatory cytokines and RNS 110 . Trem2 −/− Aβ -mice have increased Aβ deposition, reduced numbers of myeloid cells around plaques, reduced Aβ phagocytosis, and greater neuritic dystrophy in early disease 111 . This reduction of microglia around plaques was attributed to lower proliferation, decreased metabolic fitness 112 , and increased death 111 . Since microglia form a physical barrier to prevent plaque expansion and protect neurons 113 , increased accumulation of dystrophic neurons in Trem2 −/− Aβ -mice was attributed to decreased clearance by microglia rather than increased neuronal death. Collectively, these results implicate Trem2 in microglial recruitment to Aβ plaques and restricting exposure of neurons to toxic Aβ .
Trem2 variants comprise amino acid substitutions, frameshift and nonsense mutations, and splice site alterations that likely result in loss of function 114 . The Trem2 variant with the strongest AD association is R47H (three to four times increased risk), a single amino acid substitution in the extracellular domain 114 . In transgenic Aβ -mice in which endogenous Trem2 was replaced with the human common variant of normal Trem2 or the variant R47H 115 , RH47 was associated with reduced Aβ -induced microglial responses, further supporting that R47H reduces Trem2 function in vivo. 24 . This subtype exhibits decreased housekeeping and sensing genes and increased neurodegeneration-associated genes, suggesting that the Trem2-ApoE pathway regulates a switch from the homeostatic to a neurodegenerative phenotype. More work is needed to reconcile the role of Trem2 in each DAM subtype. However, there is consensus that Trem2 is a key regulator of microglia functions and phenotype in AD.
Nasu-Hakola disease. Trem2 variants are also associated with increased risk for polycystic lipomembraneous osteodysplasia with sclerosing leukoencephalopathy, also called Nasu-Hakola disease (NHD) 116 . NHD patients develop axonal degeneration, loss of white matter, and cortical atrophy. They exhibit increased microglial density and activation suggesting a dysregulated proinflammatory response 117 .
Tauopathies, ALS, and PD. Trem2 may regulate tau pathology. sTrem2 correlates with tau levels in cerebrospinal fluid early in clinical AD 118 and with tangle score and paired helical filament levels in postmortem AD brains 119 . Trem2 variants were identified in families with FTD or frontotemporal lobar degeneration (FTLD; Supplementary Table 1 ). Studies assessing the risk of FTD or FTLD in nonfamilial cases are conflicting, though Trem2 variants appear to influence clinical manifestations of these diseases 120 . One study found R47H to be a significant risk for ALS 121 , but this needs to be replicated. Attempts to correlate R47H with increased PD risk have had mixed results 120 .
Studies in mice are also conflicting. In one study, Trem2 deficiency exacerbated tau pathology, neurodegeneration, and spatial learning deficits 122 . In another study, Trem2 deficiency reduced microgliosis, brain atrophy, and levels of inflammatory cytokines without affecting tau levels 123 . Similarly, in a CTE model, injured Trem2 −/− mice showed less hippocampal atrophy, reduced inflammatory transcripts, and improved behavioral deficits compared with controls. Additional studies are needed to definitively assess the role of Trem2 in tauopathies and reconcile conflicting results.
The association of Trem2 variants with AD, NHD, FTD, and possibly ALS and PD suggest that Trem2 is a major immune checkpoint that regulates an important microglial homeostatic pathway. Disruption of this pathway by Trem2 variants leads to neurodegeneration (Box 1). However, the diversity of pathologies associated with these diseases suggests that additional genetic and/or epigenetic factors interact with Trem2 to cause a specific disorder. Therefore, understanding the biology of Trem2 and how it regulates microglial functions will be useful not only for helping patients with Trem2 variants but for understanding the role of microglia in neurodegeneration in general. Ongoing work should determine whether Trem2 is a realistic therapeutic target for neurodegenerative diseases, at what stage would therapy work best, and whether sTrem2 is a potential biomarker for efficacy.
cx3cr1-fractalkine
Interactions between neuronal fractalkine (Cx3cl1) and its microglial receptor, Cx3cr1, define another immune checkpoint and pathway that regulates microglial function, likely because fractalkine and Cx3cr1 promote reciprocal neuron-microglial signaling. Membrane-bound fractalkine or its soluble form, (s)fractalkine, are the only known ligands for Cx3cr1 124 .
Fractalkine-Cx3cr1 interactions regulate microglial homeostatic functions and temper microglial response to inflammatory and injurious stimuli. Blocking such interactions upregulates microglial TNF production, causing neurotoxicity 125 . In neurons, these interactions regulate synaptic maturation 22 and promote neuronal survival 125 . However, as Cx3cr1 is also expressed on perivascular macrophages, studies using Cx3cr1 −/− mice should be cautiously interpreted; the effects observed may also be attributed to perivascular macrophages.
AD.
In Aβ and tau mouse models, Cx3cr1 deficiency enhances Aβ clearance 126 with a gene-dosage effect, but worsens tau pathology 55 . In support of such dual role, overexpression of (s) fractalkine in tau mice but not in Aβ -mice led to substantial improvement 127 . The reason for this dichotomy is unclear, but since Cx3cr1 is important for microglial sensing and homeostatic functions, dysregulation of these functions is implicated. Because of this dichotomy, the role of fractalkine-Cx3cr1 in AD remains ambiguous and needs to be tested in mice with combined Aβ and tau pathology.
PD.
In the MPTP (a dopaminergic neurotoxic compound) model of PD, Cx3cr1 −/− mice showed more extensive neuronal loss than Cx3cr1 +/− mice 128 . In support of this neuroprotective role, overexpression of (s)fractalkine reversed MPTP toxicity for dopaminergic neurons 127 . In contrast, in transgenic mice overexpressing α -synuclein, Cx3cr1 −/− microglia were less activated by aggregated α -synuclein, leading to reduced loss of dopaminergic neurons 129 . In mice deficient in LRRK2, another PD-associated gene 130 , Cx3cr1 was upregulated and microglia had reduced responsiveness to lipopolysaccharide. These studies suggest that altered Cx3cr1-mediated microglial sensing and housekeeping functions play a direct effect in PD.
ALS.
In the mSOD1 G93A mouse model of ALS, Cx3cr1 −/− mice showed more neuronal loss than Cx3cr1 +/− or Cx3cr1 +/+ mice, indicating a gene-dosage neuroprotective effect 128 . In support of this role, the loss of function of Cx3cr1 seen with the V249I rs3732379 Cx3cr1 variant was associated with accelerated progression and reduced survival in some ALS patients 131 , but not in others 132 . In both studies, Cx3cr1 variants did not increase risk for ALS. Though
Box 1 | Microglia immune checkpoints disrupted in neurodegeneration
As with lymphocytes, microglia have several immunological checkpoints that prevent their overreaction to external stimuli. These checkpoints are different from those of lymphocytes. They include the microglial Trem2, Cx3cr1-fractalkine sensing, and housekeeping pathways and the progranulin pathways, which keep their inflammatory response in check. Dysregulation of any of these pathways or disruption of the sentinel, defense, or housekeeping functions initiates or exacerbates neurodegeneration.
Trem2 regulates all three microglial functions (sensing, housekeeping, and host defense) and dysregulation of Trem2 increases the risk for AD, FTLD, FTD, and possibly ALS.
Cx3cr1 regulates sensing and housekeeping functions. However, disruption of this pathway has not been shown to increase the risk for neurodegenerative diseases, but it alters disease courses in animal models.
The progranulin pathway regulates housekeeping and its disruption may increase risk for AD, FTLD, FTD, and ALS.
As with T cell immune checkpoints, microglial immune checkpoints may be important targets for therapy. Review ARticle | FOCUS NATure NeurosCIeNCe these opposing findings are confusing, they suggest that Cx3cr1 is a disease-modifying factor in ALS and raise the need for studies with more patients.
Prion diseases. Scrapie-infected hamsters' brains show progressive downregulation of fractalkine 96 . The same effect is observed in response to PrP in mixed neuron-glia cultures 96 . Infection of Cx3cr1 −/− mice reduced their time to disease-onset compared to wild-type mice, suggesting that Cx3cr1 may be protective in prion disease. No differences were seen in the pattern and localization of microglia or in chemokine and cytokine levels 133 . This was not fully duplicated in Cx3cr1 −/− mice with a different genetic background 134 . Repeating these studies and using fractalkine-deficient (Cx3cl1 −/− ) mice would help clarify the discrepancy.
There is consensus that the Cx3cr1-fractalkine immune checkpoint is overall a neuroprotective pathway that regulates sensing, housekeeping, and host-defense functions of microglia (Box 1). However, there are multiple knowledge gaps in our understanding of the roles of this pathway in neurodegeneration.
Scavenger receptors
SRs are innate immune PRRs that promote removal of non-self or altered-self ligands and elimination of degraded or harmful substances 135 . They have roles in AD, PD, ALS, and prion diseases.
AD. SR-A1 is an Aβ -phagocytic receptor 37,38 expressed on microglia surrounding Aβ plaques in humans and Aβ -mice. SR-A1-deficiency decreases microglial Aβ uptake by 60% 37, 136 and increases mortality and Aβ accumulation 37, 136 , whereas upregulation of SR-A leads to reduced Aβ burden in Aβ -mice 37 . Therapeutically, it would be beneficial to upregulate microglial expression of SRA1 to increase Aβ clearance.
SR-B2 (also called CD36) is also a microglial Aβ receptor that forms a complex with TLR-4 and TLR-6, leading to cytokine, chemokine, and ROS production, as well as microglial migration, inflammasome activation, and neurotoxicity 27, 40 . Polymorphism (rs3211892) that increases CD36 levels is associated with increased AD risk 137 . Therapeutically, it may be advantageous to inhibit CD36-Aβ binding or signaling to reduce microglial neurotoxicity 138 .
Binding of Aβ to the microglial SR-J1 (also called RAGE) activates MAPK and NF-κ B and contributes to synaptic dysfunction through IL-1β release in 2-to 3-month-old animals 139 . Six-monthold RAGE −/− Aβ -mice have reduced Aβ deposition and more Aβ -degrading enzymes 140 . However, no change in cognition or microglial recruitment to plaques was seen in 12-month-old mice, suggesting that RAGE is not essential for microglial recruitment, but could affect Aβ processing in early disease 140 .
These reports indicate that various SRs play complementary roles in microglia-Aβ interactions that may have therapeutic implications for AD. Pharmacologic upregulation of SR-A1 expression or function may be helpful for AD treatment, whereas blocking CD36-or RAGE-Aβ interactions or reducing expression of these SRs may stop or delay AD progression.
PD, ALS, and prion diseases.
Similarly to the roles they play in AD, SRs may also be involved in PD, ALS, and prion diseases through their interactions with misfolded proteins. SR-B2 promotes α -synuclein-microglial interactions 64 and senses misfolded mutant or oxidized SOD1 in diseased motor neurons or in the extracellular space, rendering these cells proinflammatory 85 . Aggregated prion peptides also interact with microglial SRs, leading to uptake and/or neurotoxin production 99 .
Cumulatively, these reports suggest a potential common pathway for handling misfolded proteins in neurodegenerative diseases, involving SRs (Fig. 3 ). Because of their ability to bind a diverse class of ligands, SRs are important sensors of misfolded proteins including Aβ , mSOD1, aggregated α -synuclein, and PrP sc , possibly to clear them. With disease progression, SR expression decreases, leading to defective clearing and subsequent accumulation of these misfolded proteins. Some of these receptors, such as CD36, form receptor complexes with other PRRS such as TLRs and initiate an inflammatory response that leads to neurotoxicity and neurodegeneration.
Progranulin
Progranulin is a secreted glycoprotein with neuro-immunomodulatory properties and autocrine neurotrophic functions important for long-term neuronal survival 141 . Progranulin deficiency leads to age-dependent, progressive upregulation of lysosomal and innate immunity genes, increased complement production, and enhanced C1q-dependent synaptic pruning by microglia, suggesting that progranulin is an important immune checkpoint that suppresses aberrant microglial activation in aging 21 . Dysregulation of this pathway in microglia may occur in neurodegenerative diseases. Interestingly, similar results were obtained in a mouse model of adrenomyeloneuropathy. Deficiency in the very-long-chain fatty-acid transporter ABCD1 increased complement activation and synapse loss and aggravated microglial phagocytosis of neurons, suggesting a novel pathway for 'death by microglia' 142 .
FTLD and AD.
Haploinsufficiency caused by autosomal dominant mutations in the progranulin gene leads to FTLD 141 . Progranulin polymorphism is also linked to late-onset AD 143 . In Aβ -mice, progranulin overexpression inhibits Aβ deposition and protects from Aβ toxicity. Selective reduction of microglial expression of progranulin in Aβ -mice also impairs phagocytosis, increases plaque load, and exacerbates cognitive deficits. Thus, increasing progranulin expression is proposed as a potential therapy for FTLD and AD 144 .
PD. Progranulin polymorphism is associated with increased PD risk but the mechanism is not clear 143 . In the MPTP mouse model of PD, upregulation of progranulin expression in nigrostriatal neurons was accompanied by reductions in markers of MPTP-induced inflammation and apoptosis, and it protected these neurons from MPTP toxicity and preserved striatal dopamine content and turnover. This was associated with preservation of locomotor function. Dysregulation of the progranulin pathway may therefore contribute to PD pathogenesis, and restoring progranulin levels may have therapeutic potential for PD 145 .
ALS.
Five progranulin mutations (four missense and one 5′ regulatory variant) are associated with reduction in age at onset and shorter survival after onset of ALS, suggesting that progranulin modifies ALS disease course 146 . The mechanism of this association is not clear. Based on mouse and human studies, progranulin appears to be an important immune checkpoint that modulates the microglial response to external stimuli and prevents them from overreacting to such stimuli and thereby causing neurodegeneration (Box 1).
Peripheral regulation of microglia in neurodegeneration
Despite the anatomical separation between the CNS and the gastrointestinal system, a bidirectional connection between the two, known as the 'brain-gut axis' exists. Intestinal bacterial colonization regulates immune system maturation and development in the CNS. Eradication of gut microbiota also alters microglial numbers, size, transcriptomes, and surveillance functions and downregulates host-defense genes 147 . Recolonization with a complex microbiota or with microbiota-derived products partially restores microglial properties 147 .
Human studies show associations between gut microbiota and neurodegenerative diseases 148 . In Aβ -mice, manipulating gut microbiota influences Aβ deposition and alters microglial reactivity and Review ARticle | 149 . In a PD model, antibiotic treatment ameliorates PD pathology, whereas oral administration of specific microbial metabolites promotes neuroinflammation and motor symptoms 150 . These studies add another layer to how microglial functions are regulated in normal and diseased states, suggesting that gut-to-brain signaling modulates neurodegeneration.
conclusions
Understanding of microglial biology has increased exponentially in the past decade. Microglial gene expression profiles are being defined at the single-cell level and correlated with specific functions. We are also beginning to understand microglial roles in neurodegeneration and to explore pathways that regulate their response to injury, including neuroprotective immune checkpoint pathways that keep the microglial proinflammatory response in check and pathways that promote clearance of injurious stimuli. We are also exploring how peripheral influences from the gut microbiome can alter progression of such injury. Yet significant knowledge-gaps exist.
Analyzing the transcriptomes and epigenetic profiles in various disease states, understanding how aging and disease progression alter these profiles at the single-cell level, and correlating such changes with microglial behavior are necessary. Expanding the studies from mouse models to human patients remains a major limiting factor and requires development of new reliable in vitro cellular models derived from patient samples as well as additional technologies for in vivo imaging and analysis. In this regard, the ability to isolate primary microglia from fresh postmortem brain tissues or to reprogram human stem cells or monocytes to develop into microglia-like cells, as well as the ability to generate such cells from patients with various neurodegenerative diseases, are steps in the right direction [15] [16] [17] . However, since correct programming is dependent on the cell's environment 18 , new techniques to incorporate these cells into three-dimensional organoids or improving existing techniques for organotypic brain slice culture while maintaining their in vivo transcriptomic and epigenetic profiles are crucial next breakthroughs waiting to be achieved. These steps are necessary for any successful effort to harness the power of microglia for treatment of neurodegenerative disease.
